Aqueous plant extracts contain polyphenols that reduce Fe 3+ to Fe 2+ , which in the presence of excess 2,2'-bipyridine (bipy) yield the Fe(bipy) 3 2+ complex (max = 521 nm). This reaction was used to quantify the total polyphenol content (TPC) of nineteen Brazilian medicinal species using pyrogallic acid (PA) as a standard. A calibration curve of absorbance values at 521 nm values vs. PA was linear from 0.378 to 3.03 mg L -1 (r = 0.998; n = 8) with a limit of detection 0.16 mg L -1 . The TPC quantification using the proposed reaction was compared with values obtained with the Folin-Ciocalteu reagent, yielding good agreement (r = 0.965). For the same species the TPC obtained with the proposed method also resulted in good correlation (r = 0.773) with the antioxidant capacity values quantified using the 2,2-diphenyl-1-picrylhydrazyl method. It was also found that Fe(bipy) 3 2+ complexes can be used to calculate the reducing capability of polyphenols. The polyphenol structure, and the number and position of the hydroxyl group attached to the benzene ring modify this reductive capacity. This orange-reddish stable complex shows maximum absorption at 521 nm. It is mainly used for direct iron determination in different samples [2] . Nevertheless, bipy has also been used for the indirect determination of many drugs [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , which under suitable conditions reduce Fe(III) to Fe(II) reacting with bipy. Cysteine, homocysteine [16] and ascorbic acid [17] were also analyte targets. However, as far as we know, there are no studies involving the quantification of polyphenols in any samples. Thus, the aim of this study was to quantify the total polyphenol content in plant aqueous extracts exploiting the Fe(II)/2,2'-bipyridine complex formation.
2,2'-Bipyridine (bipy, C 10 H 8 N 2 , Figure 1 ) is a bidentate organic ligand which forms soluble complexes with some divalent transition metals. Fe(II) coordinates with three bipy molecules resulting in a very stable iron chelate (Fe(bipy) 3 
2+
, log  3 17.2) [1] . This orange-reddish stable complex shows maximum absorption at 521 nm. It is mainly used for direct iron determination in different samples [2] . Nevertheless, bipy has also been used for the indirect determination of many drugs [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , which under suitable conditions reduce Fe(III) to Fe(II) reacting with bipy. Cysteine, homocysteine [16] and ascorbic acid [17] were also analyte targets. However, as far as we know, there are no studies involving the quantification of polyphenols in any samples. Thus, the aim of this study was to quantify the total polyphenol content in plant aqueous extracts exploiting the Fe(II)/2,2'-bipyridine complex formation.
In the suggested method, pyrogallic acid was used as a standard compound for expressing total polyphenol content in plant extracts because it is recommended by the Brazilian Pharmacopoeia [18] and it also reduces Fe(III) in aqueous solution containing bipy.
Some of the nineteen species studied have not been subjected to deeper pharmacological or clinical studies, but have recurrent use in Brazilian folk medicine. Due to their polyphenolic content not having been standardized, a comparative study with a previously established method was performed. Therefore, the polyphenol content of the samples obtained with the proposed method was compared with the values obtained with the Folin-Ciocalteu reagent (FCR), as recommended by the Brazilian Pharmacopoeia [18] . The antioxidant capacity of these same samples was measured with the 2,2-diphenyl-1-picrylhydrazyl (DPPH) reagent and the values obtained were compared with the respective polyphenol content. In addition, a brief study with four standard polyphenols (tannic and pyrogallic acids; 1,2,4-benzenotriol; 1,2-dihydroxybenzene), phenol and Trolox® was performed to verify the possible use of the Fe(bipy) 3 2+ complexes for the antioxidant capacity quantification in plant extracts.
General chemical aspects of the reaction used in the proposed method:
The proposed method is based on the reduction of Fe(III) by polyphenolic compounds (PC) in the aqueous plant extracts (equation 1) containing 2,2'-bipyridine (bipy 
Absorption spectra of a mixture containing Fe(III), bipy and acetate buffer before and after several additions of the PA standard solution are shown in Figure 2 , where the maximum absorption can be seen at 521 nm due to the formation of the Fe(bipy) 3
2+
complexes. The relative standard deviation, RSD, for 26 measurements of 1.51 mg L -1 C PA was 5.8%. The angular coefficient, defined as apparent absorptivity for C PA (at 521 nm) was 0.342 ± 0.024 L cm -1 mg -1 for 18 calibration curves (RSD 7 %). This makes the reaction suggested in the proposed method suitable for analyzing samples rich in polyphenols, such as plant extracts.
Figures of merit:
Calibration curves according to the same experimental conditions described above obtained after 10 minutes in a water bath at 50°C showed loss of linearity and a 15% decrease in the apparent molar absorptivity value. Calibration curves made as a function of time (without heating) showed a decrease in the absorbance value of 20, 35 and 50% after 10, 20 and 30 minutes of waiting, respectively. In these situations there is no loss of linearity. These results support the experimental procedure adopted here.
Total polyphenol content:
The reduction of Fe(III) seems to involve slower kinetic processes than Cu(II) [19] , which may discourage the use of the reaction proposed here to quantify potentially reducing analytes in complex samples. In fact, most of the spectrophotometric methods using the reduction of Fe(III) in bipy medium were aimed at drugs in pharmaceutical formulations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 20] .
Nevertheless, this reaction was used to quantify the total polyphenol content (TPC) of nineteen aqueous plant extracts. From Table 1 it can be seen that the values obtained with the Fe(bipy) 3 2+ complexes show very good correlation with the Brazilian Pharmacopoeia procedure, which uses the FCR (FCR = 0.643 + 1.88 × Fe(bipy) 3
2+
; r = 0.965; P < 0.001), both being expressed as g PA/100 g dry material. In some analytical studies for the indirect determination of drugs using the Fe(bipy) 3 2+ complexes the pH was maintained between 3.5 -8.0 with buffer solutions [14] [15] [16] [17] . So, the analyses with the proposed method were carried out at pH 4.6, which is different from that of the method with FCR (pH 10). Although most phenolics are more easily oxidized in alkaline solution (pH ≥ 9.0), it did not seem to have much influence on the proposed method.
Besides, the conditional reduction potential, E 0 ', of the Fe(III)/Fe(II) in bipy medium (9.81×10 2 mg L -1 H 2 SO 4 ) is 1.084 V vs. NHE [2] , while the E 0 ' for the FCR is not known yet. Nevertheless, this does not seem to be a hindrance from the thermodynamic point of view. -3 , respectively (for pyrogallic acid this value is 5.07). These data revealed that the number and position of hydroxyl groups attached to the benzene ring and the molecular weight of the phenolic acid modify the antioxidant capacity values. This reaction should be better exploited for this purpose.
Recovery study: Recovery experiments were performed by spiking the samples with three different known amounts of C PA standard solution. C PA added was determined using the "A 521 vs. C PA " calibration curve obtained with the multiple standard addition curves of samples. The recovery values obtained (Table 2) ranged Antioxidant activity and polyphenols of nineteen Brazilian plants Natural Product Communications Vol. 10 (11) 2015 1823 from 76 to 121% (mean 91%), which can be considered satisfactory when dealing with complex samples such as plant extracts. 
Study of possible interfering species:
Mixtures containing one PA concentration (0.57 mg L -1 ) plus four known crescent concentrations of possible interfering species were analyzed according to the proposed procedure. The interference criterion adopted was that the A 521nm value of the mixture had a 15% variation from the A 511nm value obtained for the 0.57 mg L -1 PA solution alone. However, the concentrations of these compounds in aqueous extracts of plants are generally lower than the total polyphenol concentration so that no significant interference of these species is expected. Furthermore, in the proposed method, dilutions (5 to 25 times) are required, which probably prevent any interference of these evaluated species.
Conclusions:
The proposed method to quantify the total polyphenol content in the aqueous plant extracts is simple and easy to execute. It uses low cost reactants (less expensive than FCR) and can be performed with spectrophotometers commonly available in most laboratories. The ligand used is easily prepared in a hydroethanolic solution. It is fast, which makes it suitable for routine analysis in aqueous plant extracts, even in samples containing low levels of polyphenols.
Experimental
Apparatus: Absorbance measurements were made in a HPUV 8453 (Agilent) spectrophotometer using a 1.0 cm path length glass cell.
Reagents and solutions: A 1.9×10
5 mg L -1 Fe(ClO 4 ) 3 stock solution was prepared as described in previous studies [22] . A 3. The Folin-Ciocalteu reagent (FCR) was prepared as described elsewhere [18, 22] . A 10%, w/v, sodium carbonate (Na 2 CO 3 , 99 %, Vetec, Brazil) solution was prepared in water. A 50%, v/v, methyl alcohol (CH 3 
Sample preparation for polyphenol quantification:
The aqueous extracts were prepared as described elsewhere [18, 23, 24] .
Sample preparation for antioxidant capacity quantification:
The methanolic extracts were prepared as described before [22, 23] . Reference procedure for polyphenol content quantification using FCR: This procedure was performed as recommended by the Brazilian Pharmacopoeia [18] and as described elsewhere [23, 24] .
Proposed procedure for polyphenols content quantification using the Fe(bipy) 3 2+ complexes: A calibration curve was obtained by transferring different volumes (0.1 to 0.8 mL) of a diluted 18.9 mg L -1 pyrogallic acid (PA) standard solution to eight 5.0 mL volumetric flasks containing 0.50 mL of 3.54×10 3 mg L -1 Fe(ClO 4 ) 3 solution. Then, 0.50 mL of acetate buffer solution (pH 4.6) and 1.0 mL of 2.58×10 3 mg L -1 bipy were added. The multiple standard addition method was used in all aqueous extracts analysis. Variable volumes (100-2000 L) of samples were transferred to five 5.0 mL volumetric flasks. In four of them, aliquots (0.1 -0.8 mL) of an 18.9 mg L -1 PA standard solution were added and the same procedure as described above to obtain a calibration curve was performed. In both curves (calibration and multiple standard addition method) the absorbance values were taken at 521 nm (A 521 ). As reference solution, a freshly prepared mixture containing Fe(ClO 4 ) 3 354 mg L -1 and bipy 515 mg L -1 in acetate buffer (pH 4.6) was used.
Antioxidant capacity quantification:
The DPPH method used to quantify the antioxidant capacity is described elsewhere [21, 23] . The values found correspond to the plant extract (dry material) required to reduce by 50% the initial DPPH concentration (EC 50 ) and are expressed as g dry material/g DPPH (Table 1 ).
